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R AQUARII: EVIDENCE FOR DIFFERENTIAL ROTATION OF THE SiO MASER SHELL
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ABSTRACT

We previously reported Very Large Array and Berkeley-lllinois-Maryland Association (BIMA) array obser-
vations that suggested rotation of the SiO maser shell surrounding the long-period variable (LPV) in the R Aquarii
binary system. In the present Very Long Baseline Array (VLBA) work, we report high spatial and spectral
resolution observations of the= 1 J,= 1-0 , SiO maser line that confirm our previous result and further suggest
that the LPV maser shell is undergoing differential rotation. The 8-34 yr range of rotational periods resulting
from differential rotation of the maser shell contains #18 yr period reported previously. The velocity structure
of the VLBA data suggests a rotation symmetry axis oriented at a position anglé58f. The differential
rotation model can be envisioned as a series of nested thin spherical shells that have a common rotation axis;
each thin shell is characterized by its radigswith the innermost shell rotating fastest and the outermost shell
slowest, in accordance with an equatorial plane velocity law of the fosm(1/r )2 . We findy thdt.09 is
necessary to approximate the VLBA data, suggesting that the differential rotation is approximately Keplerian.

Subject headings. circumstellar matter — masers — stars: individual (R Aquarii) — stars: rotation —
stars: variables: other —techniques: interferometric

1. INTRODUCTION northeast-southwest R Aqgr jet. Constrained by conservation of
- . angular momentum, we derived a minimum period~&f yr
R Aquarii is a symbiotic stellar system comprised of 2 mass- o the rotation of the LPV itself. Using corotation with the
losing ~1-2 M, Mira-like long-period variable (LPV) with & a5er shell rotational period as a maximum, we concluded that
387 day period and ar1.0M;, hot companion/accretion disk the | py rotational period would be constrained te%-18 yr
that is believed to give rise to the symmetrical jet seen at ;ange. This range for the LPV rotational period, combined with
ultraviolet, optical, and radio wavelengths. The binary system 5, Z1g yr rotational period for the hot companion (Hollis &
orbit has been characterized as highly inclined to the line of k5 nelis 2000), prompted us to further conclude that tidal
sight (LOS;i ~70°) with 'agge eccentricitye(~ 0.8 ), has a gffects at successive periastron passages in the R Aqgr binary
semimajor axis o~~2.6 x 10" cm, has an orbital period of  gystem are tending to synchronize these stellar rotational pe-
~44 yr, and lies at a distance of 200 pc (see Hollis, Pedelty, rjogs to the orbital period of44 yr (Hollis et al. 1997).
& Lyon 1997 and references therein). Hence, the northeast-  \otivated by these successful VLA and BIMA array results,
southwest—oriented jet probably undergoes episodic refuelingi,q present work was conducted to see what further can be

and sub_sequent increased activity at periastron since the h_OHetermined from a high spatial resolutiorl(mas) Very Long
companion passes through the outer envelope of the LPV. It isg5ejine Array (VLBA) study.

further posited that the binary system was at apastron circa
1996 (Hollis et al. 1997), so the LPV envelope would be little
influenced by either the jet or the hot companion/accretion disk
for many years near this epoch. Thev = 1,J = 1-0 SiO maser emission toward R Aqr
Recently, we (Hollis et al. 2000) conducted a multiepoch (o = 23"43"5£.693 6§ = —15°16' 49420, J2000) was ob-
study (1996-2000) of the SiO maser shell that surrounds theserved using the NRADVLBA on 2000 December 8 when
LPV in the R Agr binary system. Using data from moderate the LPV was near minimum light at optical phase 0.43 (J. A.
spatial resolution~+50 mas) Very Large Array (VLA) obser-  Mattei 2001, private communication). A line rest frequency of
vations ofv = 1,J = 1-0, SiO, and coarser spatial resolution 43.122027 GHz was adopted. The data were recorded in dual
(~300 mas) Berkeley-lllinois-Maryland Association (BIMA)  circular polarization in a 4 MHz (27.8 km'Y band centered
array observations af = 1 J = 2-1 , SiO, we produced ve- on a velocity of—26.0 km s* with respect to the local standard
locity maps that suggested the maser shell rotates with a periothf rest (LSR). The setup was designed to produce 128 spectral
of ~18 yr. These velocity maps indicated that the western side channels with spacings of 31.25 kHzQ(22 km s?). System
of the maser shell is approaching and the eastern side is retemperatures and point-source sensitivities for each VLBA an-
ceding. This led us to suggest that the maser shell rotation axisenna in this frequency band are approximately 150 K and
is likely oriented approximately parallel to the direction of the 11 Jy K, respectively. The standard AIPS spectral line cal-
ibration and imaging procedure was used to produce an image
cube containing images of spectral channels frei35.1 to
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work, all emission features in each spectral (velocity) channel

of the image cube with flux densities greater than 10 times the E 10 - A "L
off-source 1o noise or 100% of the deepest negative were : | |
fitted with two-dimensional Gaussians to extract flux densities, = ‘i &
positions, and sizes. ke 0 e ey
-32 -28 —24 —20
3. RESULTS AND DISCUSSION 30 ISR Veloeity (kam &)
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The LOS velocity information derived from the VLBA data
cube is shown in Figure 1. The top panel is a spectrum of the
maser emission with color-coded LOS velocities that range 20 - -
from —34 to —16 km s*. Maser spots shown in the bottom
panel are plotted in the same velocity color-coding that cor-
responds to the colors in the top panel spectrum. Sineg5s
km s is a reasonable LSR velocity for the R Agr LPV (e.g., -
Lépine, Le Squeren, & Scalise 1978; Hollis et al. 1997), then ~— i o H
it is apparent from Figure 1 that the blueshifted maser features @ 0
predominantly lie on the southwestern region of the maser shell &
while the redshifted features lie to the northeast. Previous in- ~ i %
terferometric results with the VLA and BIMA array (Hollis et
al. 2000) were similar, with blueshifted maser features lying
to the northwest and redshifted features lying to the southeast. - b
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Taking both cases into consideration, a generally west-to-east _20 X gl
rotation of the maser shell is strongly inferred, but the exact
orientation of the rotational axis is yet to be determined. A - .
long-term VLBA observing program may well be required to | | | | L

; A . - N _30 Il 1 1 1 1 1
sort out the axis orientation due to the inherent unpredictable 30 20 10 0 -10 -20 -30
nature of maser shell emission. In any case, rotation of the R.A. Offset (mas)

maser shell surrounding the LPV in the R Aqr binary system
gaf now been demonsirated (Conflrmed) with the presentVLBA Fic. 1.—LOS velocity structure of the SiO maser emission toward the R
ata. . . . Aqr LPV. Top panel: Spectral line profile plotted in color-coded velocity in-

Further Investigation of the VL_BA data cube Showed that crements to show the progression of LOS velocities bluewaft (o redward

both the blueshifted features and, in turn, the redshifted featuregright) relative toV,,, = —25 km s*. Bottom panel: Spatial distribution of

systematically moved in the same east-to-west direction on themaser spots with color-coded velocities that match the increments in the top

; ; ; :  spectral line profile. The relative sizes of the symbols used for plotting maser

Sky as spectral channejllmages were Vlewed In ;quence (I'e'Spots are proportional to the natural logarithm of the flux densities for the

from —341t0-16 km_ s%). S'_JCh systematic motion is char-  maser spots. Maser spot position uncertainties are conservatively estimated to

acteristic of differential rotation. We were subsequently able range between 3 and 14fs.

to obtain a reasonable model of the LOS velocity structure of

the VLBA data using the following form of differential rotation: i, (1) jndicates, the innermost shell would rotate fastest and

the outermost shell slowest. In equation (1), the amnggethe
- inclination of the shell structure rotation axis to the LOS, the
V(N os = Vipy + A /GM cosf cose sini, (1) angle¢ defines the latitudinal coordinate of the shell structure,
re and the anglé is measured in the equatorial plane of the shell
structure, wheré@ = 0° defines the east limb and 18C° the
where, on the right-hand side, the first term is the LOS velocity west limb of the maser shell structure as seen on the plane of
of the LPV and the second term would represent the LOS the sky. The produatosf cos¢ sini in equation (1) accounts
velocity due to circular motion of the maser shell if and only for the LOS velocity due to rotation presented to the observer.
if g = 1 In this instanceG’ would equal the gravitation con- As Figure 2 shows, each LOS through the maser shell structure
stant,G, in both units and numerical value. However, we con- will result in multiple rotation velocity components from emit-
sidered a class of rotational velocity curves in whighs 1 ting regions in all shells along the LOS having radii equal to
and empirically found that only one value qf>1  approxi- or larger than that shell whose radius is tangent to the LOS.
mated the data when reasonable LPV masses were used in equ&or example, LOSs near the limbs of the maser shell structure
tion (1). In this instance, we retained the numerical value of produce multiple LOS velocity components due to rotation that
G for G/, but the units ofG’ change appropriately to preserve will be observed in addition to the ever-present, term (e.qg.,
a dimensionally correct equation (1). Such an empirical ap- LOS 1 and LOS 3 in Fig. 2). For LOSs near the rotation poles
proach with respect to this particular class of radial velocity (i.e.,¢ = *+90°) and/or toward the middle of the shell structure
profiles is not without precedent, having been used by Rosen(i.e., § = 9¢° or 270), a zero LOS velocity due to rotation
et al. (1978) to gain insight into path lengths associated with results and, therefore, on¥., would be observed (e.g., LOS
OH and HO maser emission. 2 in Fig. 2).

Our three-dimensional model can be envisioned as a series In order to approximate maser amplification path lengths in
of nested infinitesimally thin spherical shells (hereafter the shell our three-dimensional model, we compute the LOS distance
structure) that have a common rotation axis; visualization of through the envelope at positions in which the LOS velocity
this model is aided by referring to Figure 2. The size of each due to rotation changes by less than the thermal velocity of
spherical shell is defined by its radiusFurthermore, as equa- the masing molecules. We estimate the SiO thermal line width
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Fic. 2.—Schematic diagram of the differentially rotating SiO maser shell -20 - 7 -20 - . i
structure model. The idealized, not-to-scale diagram shows only the equatorial ~ gq L1+ 1 1o | o+ | Y [ B N L]
plane of the three-dimensional shell structure. LOS | (3) shows the east (west) 8 -4 0 4 8 8 -4 0 4 8
limb LOS velocity components due to the approaching LPV and the receding LOS Vgop (km s1) LOS Vg, (km s-)

(approaching) shell structure due to differential rotation in which the LOS
component of the circular motion velocity vectors are projected onto the LOS
as |nd|cated__by the dotted lines. No_te that LOS | an_d LOS 3 are at slightly g 3.—Side-by-sideotational velocity color-coded images of VLBA SiO
different radii. Along LOS 2 there is no LOS velocity component due 0 (4 (eft) and the differential rotation modalight). Rotational velocity color-
rotation, and only the approaching LPV motion is observable. coding is analogous to the top panel in Fig. 1 exceptthat = —25 ¥m's
has been subtracted (e.g., light green represents 0-2 krdagk green rep-

. _ . resents 0 to-2 km s, etc.). Top panels: Sky orientation of the VLBA data
is <1 km s for a temperature of 1300 K (Reid & Me_nten (Ieft) and model (ight) described in the text. Each panel shows the assumed
1997). The computed path length was further constrained torotational axisZ, atP.A. = 150 and an orthogona-axis. The top left panel
be greater than the minimum path length-df0"* cm necessary appears the same as the bottom panel in Fiylitldie panels: LOS rotational

; fead ; i~avelocity vs. X for the VLBA data (eft) and the modelr{ght). Bottom panels:
[Oéglo I‘T;lalser err]nlrS]SIOI‘l r(]ElrI]tzurhl?IS?r)hand less than tge phySIﬁalLOS rotational velocity vsZ for the VLBA data (eft) and the modelrfght).

path length through the shell. e mas_er spot ensny_t atWhile the model predicts that SiO maser emission directly toward the star and
results from these path length calculations will be characterizedalong the axis of rotation is theoretically possible, little or no emission is
by tangentially amplified SiO masers (i.e., as would be appro- usually observed toward the center of these stars as is seen in the present

prlate for |0nger tangen“al maser path |engths near the masepbservations. This suggests that there is enough of a velocity gradient in the
maser shell beyond that contributed by differential rotation so that material

shell limb) aS_ well aS_SIO masers comparably amplified in a that moves in a direction perpendicular to the LOS will provide optimal velocity
narrowly confined region of the center of the maser shell. We conherence for a maser photon propagating outward (Elitzur 1982).
subsequently describe the R Aqr model that is consistent with

this global morphology.

For an LPV mass of 1.7M i,~70° , and,, = —25.0 outer shell radius of25 mas. Selecting an inner shell radius
km s, we find thatq ~ 1.09 is necessary in equation (1) to of 10 mas was guided by the 8.05 mas mean radius determi-
approximate the VLBA data of R Aqgr, which is assumed to be nation for the LPV itself from IR observations (van Belle et
at a distance of 200 pc (Hollis et al. 1997). This was done in al. 1996). In accordance with equation (1) and a distance of
a “by eye” comparison of VLBA data and differential rotation 200 pc, the corresponding rotational periods for the 10 mas
model diagnostic images shown in Figure 3. The diagnostic inner shell radius, the 16.3 mas fitted circle radius, and the
images are color-coded rotational velocity images of VLBA 25 mas outer shell radius ax8, ~18, and~34 yr, respectively.
data and the differential rotation model expressed by equa-The general direction of the rotation axig, was initially in-
tion (1). To more clearly see the effects of rotation on the LOS fluenced by the morphology of Figure 1 data (see also Boboltz,
velocity, we have omitted the ever-presspy, in constructing Diamond, & Kemball 1997) but, in the end, was determined
Figure 3 (cf. Fig. 1). The common origin of the maser shell to lie at P.A.~ 150 by finding agreement between the data
coordinate systems (i.eAx, Aé and X, Z) shown in the top and model discriminators shown in the middle and bottom
panels of Figure 3 was determined by a least-squares fit of apanels of Figure 3.
circle to the distribution of maser features as derived from the  The limitations in comparing a phenomenon as sporadic and
total intensity image cube. The fitted circle radius obtained was irregular as SiO maser emission in a single observing epoch
16.3 mas. For modeling purposes, Figure 1 data suggest arare well known (see Elitzur 1992, p. 287), but the data and
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model plots of LOS rotational velocity versus bothand Z
shown in Figure 3 are highly suggestive of differential rotation.
We found that the direction of the rotation axis, could be
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naturally concluded in the earlier work that the rotation axis
was in all probability oriented northeast-southwest.
In the present VLBA work, we have presented high spatial

varied by +10° and the mass of the LPV could range from and spectral resolution VLBA observations of the= 1 |,
1.5 to 2.0M, with little effect on these Figure 3 model plots. J = 1-0 SiO maser line that once again demonstrate (confirm)
The mass range for the LPV is consistent with the 2.5— west-to-east rotation of the SiO maser shell surrounding the
3.0M,, range usually assumed for the total mass of the binaryLPV in the R Agr binary system. The much greater number
system (see Table 2 of Hollis et al. 1997) as constrained by aof maser spots involved in the present work has permitted
~44 yr binary period. Howeverq is highly constrained to be  modeling of the maser shell to better discern the details of the
very near 1.09, suggesting approximate Keplerian motion. Forrotation and its orientation. The velocity structure indicates a
example, values of 1.15 and 1.05 fipnoticeably distorted the  rotation symmetry axis lying a.A.~ 15C¢ , and we suggest
model plots to such a degree that they no longer approximatedthat this orientation may be refined as additional VLBA ob-
the VLBA data. It could well be that multiepoch VLBA data servations accumulate. These data further suggest that the LPV
would fill in such plots and also permit the refinement of the maser shell is undergoing differential rotation. In the course of
geometry and physical parameters we have used in the emthis work, we constructed expanding and/or contracting outflow
ployment of equation (1) and the construction of the model models but found such models were inconsistent with the ob-
plots in Figure 3. served velocity structure of the maser spot data. Thus, we found
Given the model of differential rotation, one can obviously the simplest explanation is differential rotation with no con-
predict that maser spot radial velocities should systematically comitant expansion or contraction of the maser envelope. We
decrease within increasing distance from the maser shell centedeveloped a differential rotation model that can be envisioned
for the case of an LPV with a highly inclined rotation axis with as a series of nested thin spherical shells that have a common
respect to the LOS. Another consequence of differential ro- rotation axis; each thin shell is characterized by its radiys,
tation is that it reduces the path length for maser amplification with the innermost shell rotating fastest and the outermost shell
in a turbulence-free maser shell. For example, in the case ofslowest, in accordance with an equatorial plane velocity law
solid-body rotation of the maser shell, the velocity component of the formw oc (1/r*)"2. We find thafj~ 1.09 is necessary
along the LOS at a particular impact parameter is constant (i.e.,to approximate the VLBA data, suggesting that the differential
independent of the depth along the LOS) because the velocityrotation is approximately Keplerian. The 8-34 yr range of ro-
increases when proceeding to larger radii, but this is compen-tational periods resulting from differential rotation of the maser
sated by theosf projection factor, which decreases when pro-shell contains the-18 yr period reported previously (Hollis et
ceeding away from the tangent point (el 0° or?)8Mh al. 2000).
the case of approximate Keplerian rotation of the maser shell Our interferometric investigations of the R Agr LPV in SiO
(q= 1), the velocity decreases when proceeding to larger radii emission during the last 5 years (1996—-2001) span at least four
along a given LOS, and the projection factor decreases as wellpulsation cycles of the LPV. During this time, we have been
so the size of the zone around the tangent point is reducedfortunate to witness a relatively stable large-scale velocity pat-
where the projected velocity changes, say, by less than thetern consistent with rotation, which is apparently independent
thermal width of the maser line. In practice, turbulent motion of the LPV phase. Since the effects of rotation must be oc-
in the maser shell complicates the straightforward interpretationcurring at some level all of the time in LPVs (e.g., see Boboltz
of the consequences of differential rotation. In this work, we & Marvel 2000), observing the effects of rotation in an LPV
have been fortunate that the maser shell was relatively quiescenlike R Aqr, whose rotation axis is highly inclined to the LOS,
with respect to turbulence. is not surprising. Finally, an important general consequence of
this work is that, mindful of the inherent unpredictable nature
of SiO maser emission, one can test for the effects of differential
rotation of the maser shell in other LPVs by the data-plotting
method we have demonstrated here.

4. SUMMARY

Using the BIMA array and the VLA, Hollis et al. (2000)
conducted a multiepoch (1996-2000) study of the R Agr LPV
in SiO emission, which suggested west-to-east rotation of the
maser shell on the plane of the sky. From the resultant velocity We thank an anonymous referee for a thorough reading of
structure, a rotational period 6f18 yr was determined for the  the manuscript and suggestions for improvement. J. M. H.
maser shell. These earlier lower resolution spatial maps indi- gratefully acknowledges the hospitality of the University of
cated that the orientation of the rotation axis was approximately Maryland, College Park, where he was a sabbatical visitor dur-
northeast-southwest. Such an orientation would be consistening the course of this study. J. M. H. and J. A. P. received
with the orientation of the jet in the system. Therefore, we support from NASA RTOP 344-02-03-01.
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